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RELATWE SUSCEPTIBILITY OF TITANIUM ALLOYS TO 

HOT-SALS STRESS -CORROSION 

by Hugh R. Gray 

Lewis Research Center 

SUMMARY 

The purpose of this investigation was to determine the relative susceptibility to hot- 
salt stress-corrosion of seven titanium alloys tested in simulated turbine-engine com- 
pressor environments. Salt-coated specimens were creep exposed for 100 hours in the 
temperature range 320' to 480' C (600' to 900' F). Specimens were then tensile tested 
at room temperature at a constant, low strain rate. 

Based on 100-hour crack 'threshold curves, susceptibility to hot-salt stress- 
corrosion increased in the following order: Ti-2Al-IlSn-5Zr-O.2Si(679), Ti-6Al-2Sn- 
4Zr-2Mo(6242) , Ti-6Al-4V(64) , Ti-6Al-4V-3Co(643) , Ti-8Al-1Mo- lV( 81 l), and Ti- 13V- 
llCr-3A1(13-11-3). The Ti-5Al-6Sn-2Zr-lMo-O.25S-i(5621S) alloy was both the least and 
most susceptible alloy depending on heat treatment. When the alloys were compared on 
the basis of their potential use strength (crask threshold stress divided by 0.2 percent 
creep stress), then the most resistant alloy was the 64, followed by the others listed 
previously in about the same order. The 56218 alloy ranked just above and below the 
811 alloy depending on heat treatment. 

and processing variations, as well as by subsequent heat treatments. 

that reduce susceptibility to stress-corrosion. Simulated compressor environmental 
variables such as air velocity, pressure, dewpoint, salt concentration, and salt depo- 
sition temperature exert only minor effects. Increasing exposures from 100 to 1000 
hours decreased crack threshold stresses for all alloys. 

Substantial increases in hydrogen concentration of stress-corroded specimens were 
measured for all alloys. These chemical analyses support a previously proposed con- 
cept that corrosion-produced hydrogen is responsible for hot-salt stress-corrosion em- 
brittlement and cracking of titanium alloys. 

It must he emphasized that such rankings can be drastically altered by heat-to-heat 

Residual compressive stresses and cyclic exposures are the other major variables 



INTRODUCTION 

The phenomenon of hot-salt stress-corrosion of titan 
e of extensive utilization of titanium alloys in gas-t 

vestigations (refs. 1 a 2) have demonstrated that tita 
ng at elevated temperatures 

ence of halides. Conditions of stress, temperature, 
hot- salt stress-corrosion in the laboratory 

ents of current engines (ref. 3). Since advan 
alloys operate at even higher stresses and te 

e use of titanium alloys. To date, there 
s that could conclusively be attributed to hot- 

es, there is concern that hot-salt stress-corro 

objectives of this continuing research program a t  
been to determine whether this lack of service failures i 
tions. 

One of the preferred laboratory test techniques for rmining susceptibl I 
hot-salt stress-corrosion involves subjecting salt-e 
static loads. The test temperatures range from 26 
test duration is generally 100 hours. The specime 

ion or cracking and may be subjected to me 
testing, to determine residual ductility. The re are then inte 

ure s t ress  against exposure temperature 
for hot-salt stress-corrosion. 

However, wide ons in published threshold 
loys, test c o d  hot-salt stres 
author has recen 

room -temperature te 
per minute ( ~ x I o - ~  in. /mi4  is a very sensitive t 
of hot-salt stress-corrosion. Specifically, for t 
was determined after exposure at 430' C (800° 
newtons per square meter (MN/m ) (10 ksi). S 

n the  fracture surface of specimens un 
m (50 ksi). When the exposure s t res  
specimens failed during exposure in 

onstrate that there are at  least three different crite 
l0iB-hour threshold curve for hot-salt stress-corrosion: e 
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brittle rupture. 
threshold curves defined by these three criteria. 

Another variable that has been almost completely ignored by prior investigators is 
the influence of specimen surface condition. The author has demonstrated (ref. 6) that 
significant differences exist between both embrittlement and crack threshold curves for 
Ti-8Al- 1Mo-IV alloy specimens in the as-machined and stress-relieved surface condi- 
tions. This effect is largely a result of the beneficial influence of residual compressive 
stresses in the surface material on the bore of the tubular specimens. Of course, some 
types of machining operations could introduce residual tensile stresses in specimens of 
different configurations. In those instances, the threshold curve for specimens with 
residual tensile surface stresses could be expected to occur at lower stress levels than 
if the same specimens were in the stress-relieved condition. The investigation of ref- 
erence 6 demonstrated that variations in residual surface stresses, which result from 
differences in specimen surface preparation, could contribute to the significant varia- 
tions reported for literature threshold curves for various titanium alloys. 

The purpose of the present investigation was to determine the relative susceptibil- 
ity of various titanium alloys to hot-salt stress-corrosion. It is important to note that 
most of the titanium alloys included in this program are commercially available. They 
include both widely used alloys developed several years ago and more recently developed 
high creep strength alloys. One experimental alloy is also included. The alloys were 
usually tested in commonly used commercial heat-treated conditions. The exposure 
conditions simulated the environment normally encountered in the compressors of cur- 
rent jet-turbine engines. Specimens of the titanium alloys were tested in a dynamic air 
facility at an air velocity of 340 meters per second (1100 ft/sec), an absolute air pres- 
sure of 0.2 MN/m (30 psi), and an air dewpoint of -84' C (-120' F). Specimens were 
also tested in static air laboratory furnaces. Hence, the influence of air velocity could 
be readily ascertained. The influence of specimen surface condition was also deter- 
mined by testing specimens in both the as-machined and chemically milled (stress- 
relieved) conditions. Both embrittlement and crack threshold curves were usually de- 
termined for all alloys. Standard vacuum fusion chemical analyses were made on se- 
lected stress-corroded specimens. 

For the Ti-8Al- 1Mo- 1V alloy, significant differences exist among 

2 

MATERIALS, SPECIMENS, AND PROCEDURE 

Mate ria Is 
Seven titanium alloys were used in this investigation. Six of these alloys were ob- 

tained from commercial vendors and one experimental alloy was  obtained from an in- 
dependent laboratory. The six commercial alloys are the following: titanium - 
8 aluminum - 1 molybdenum - 1 vanadium (811), titanium - 6 aluminum - 4 vanadium 

3 



(&I), titanium - 6 aluminum - 2 tin - 4 zirconium - 2 mo 
um - 11 t tn - 5 zircon 

, heat number, 

A complete listing of all heat treatments performed by the vendors and by 

A LI JOY INGOTS (WEIGHT PERCENT) 

TABLE I T .  - VENDOR CERTTFED MECHANICAL PRCPE OF TSTAMCrM A 

Vendur Bar diam- 
eter 

A1ioy 

811 
64 

6242 

67 9 
56218 (1) 

56218 (2A) 

562 1s (2B) 

643 

13-11-3 

Heat 

G-500 
G-5858 
293 180 

G-6360 
294294 

303021 

303021 

Experiment$ 

D-4514 

Reduction 
of arm, 
percent 

- 
in. 

1 

- 

.75 

.75 

-75 
.50 

1.3 

1.3 

.86 

.75 - 

- 
ks i 

148 
155 
151 

I59 
155 

143 

145 

250 

17 8 - 

- 
ern 

2.5 
1.3 
1.3 

1. 9 
1. 3 

3.3 

3. 3 

2.2 

1.9 

~ 

- 

~ 

MpJjm’ 

980 
1020 
910 

1020 
1000 

i650 

870 

1580 

I l l0  

f 

TMCA 
TMCA 
Reactive 

Metals 
TMCA 
Reactlye 

Metals 
Reactive 

Xetals 
Reactive 

Metals 

Bati-elk 
TMGA - 

TMCA 

40 20 
40 18 
45 16 

45 20 
33 12 

19 11 

21 12 



Alloy 

- 
811 Mill anneallair cool 
811 Mlll anneal/furnnce cool 
811 Duplex 
811 Triplex 
64 Mlll anneal 
84 Duplex 
6242 Mill anneal 
0242 Duplex 
679 Mill anneal 
679 Duplex 
56218 (1) 
G621S (2A) 
5G21S (2B) 
W21S (2C) 
643 Duplex 

13-11-3 Duplex 

TABLE m. - TITANIUM ALLOY HEAT TREATMENTS AND MECHANICAL PROPERTIES~ 

Heat treatment 

As-received: 790' C (1450° P), 1 hr, air cool 
900' c ( 1 ~ 5 0 ~  9, 1 ~ir, furnace cool 
650' C (1200O P), 24 hr, AC 
10IO°C (1850' P), 1 hr, AC + 59OoC (llOOo P), 8 lir, AC 
As-received: 840' C (1550' P), 2 hi,, FC to 700' C (1300' F), 2 hr, AC 
930' C (1700° P), 1 hr, water quench I. 54OoC (lOOOo P), 4 hr ,  AC 
As received: 900' C (1650O E'), 1 hr, AC 
970' C (1775' P), 1 lir, AC I. 590' C (llOOo P), 8 Iir, AC 
As-received: 700' C (1300' I?), 2 hr, AC 
900' C (1650' P), 1 Br, AC .I. S O O O C  (930' P), 24 hr, AC 
As-rcceivod: 980' C ( lGOOo F) roll, 980' C (1800O P), 1 hr, AC I- 590' C (1100O P), 2 lir, AC 
As-received: $80' C ( 1800' P) roll, 1040' C (1900' P), 1 hr, AC I- 590' C ( llOOo I?), 2 hr, AC 
As-received: 1040' C (1900' P) roll, 1040' C (1900° P), 1 I n ,  AC I. 590' C (llOOo E'), 2 br, AC 
(2B) .t. 98OoC (1800O P), 1 hr ,  AC + 690°C (llOOo P), 2 hr, AC 
Aa-recelved; 920' to 780' C (1690' to 1435' F) roll, 

As-received: 790' C (1450' P), 1/4 hr, WQ + 480' C (900' I?), 22 hr ,  AC 
840' C ( 1 5 5 0 O  F), 1 hr, WQ + 480' C (900" P), 2 hi,, AC 

Tensile 
atrength 

Fracture 
stren - 

MN/J 
~ 

930 
9 40 
970 
880 
970 
1030 
980 
920 
900 
950 
970 
1030 
1090 
1060 

1550 
1260 

:I1 

ltSi 

135 
137 
140 
128 
140 
150 
142 
133 
131 
138 
141 
150 
158 
154 

225 
183 

- 
-- 

- 

- 
Reduc- 
lion of 
area, 

33 
33 
34 
35 
27 
30 
33 
35 
34 
31 
34 
25 
14 
18 

6 
18 

23 
16 
14 
18 
21 
22 
19 
17 
16 
11 
14 

3 
14 

Elon- 
ption, 
lercent 

'NASA Lewis, tubular specimens. 



together with mechanical properties determined on the 

stress-corrosion tested in the as-received (mill anneal 
0th er heat-treated cond om. Most of these heat trea are commonly enc 

specimens used i 

condition and 
investigation are presented in table m. All of the alloy the 13-11-3 

in various aerospace and industrial applications. 
e 811, 6242, 619 and 56218 alloys are generally red to as near 
pha alloys. The 4 and 643 alloys are alpha plu 
oy. Photomicrographs of all of the as-received eat-treated all 

given in figure 8 at the back of the report. These alloys 
and nitric acid mixtures. All of these structures are t 
rr-aI. material processed and annealed in the alpha plus 
of the 13-11-3 and 56215 alloys. The 13-11-3 alloy 
the beta transus, zs evident from the structure sho 
5621s (2) alloy was processed and/or annealed ab0 
figures 8(E) to (p). 

Specimens 

Tubular tensile specimens of the type illustrated in f 
investigation. Specimens with subsize heads were used f 
cause of the limited qu diameter of the bar stock 
chined from the as-received and/or heat-treated bar s 
specimens was cleaned with acetone and distilled water i 
and stress-corrosion testing. Another series of as- 
lieved by chemical milling (r 
30-percent nitric acid, and 6 ercent water. Approxi y 0.002 centimet 

6) in a solution of 3-pe hydrofluoric acid 

1 
0.889 (0.3501 ciiain y- 51 5-18 NF or LIZ-M NF I 

-r mf!-lQ"wi- - -I- - * I  

.__ 
167- 

I I I 



(0.001 in. ) of metal was  removed from all surfaces of these specimens. This chemical 
dissolution process should not be confused with electrochemical milling or electropol- 
ishing techniques. 

1 LHI Heater - Air dryer 

\ 
Pressure regulator-\ Cooling 

water 

Coolinq 
water 

Pressure regulator1 + 
Load 

Test Procedure 

Salt coating. - All of the test specimens were precoated with chemically pure so- 
dium chloride immediately prior to stress-corrosion testing. The average coating 
amounted to about 0. I milligram per square centimeter (0.6 mg/in. ). This concen- 2 

Vent 
t 

chamber7 

,-Service air I/* ,-Service air 

(a) Apparatus for presalting unstressed specimens. 

Vent 
4 

,-Service air 

\ 

(b) Apparatus for stress-corrosion exposure of presalted specimens. 

Figure 2. - Hot-salt stress-corrosion apparatus which simulates turbine-engine compressor 
environment- 



tratisn was within the range measured on service airfoils 
ftxmly deposited on the bore of unstressed specimens at 2 

. - Subsequent to being c 
c air in standard laborat 

e loading train. Another series of specimens was  e 
ic air apparatus ahown In figure 2(b). The air ve 

Specimens were usually exposed €or approximately u r s  in the temper 
range 320' to 480" C (600' to  900' PI. The influence 
exposing a limited number of alloy specimens for 240 a 0 hours. The sf: 
plied ranged from 70 ta 830 &4N/m2 (10 to 128 ksi). T 
during the exposure was determined by measuring the change in outer diamete 
specimens and calculating the apparent c. 
were used only as an approximate check of the literat 
106 hour creep stresses used for  normalizing klireshold s i re  
failed during the stress-corrosion exposure period because 
severe stress - c orro si on cracking. 

tested st room temperature at a 
(0. 005 in. t.fmh)w These tensile 
sensitivity to  embrittlement resulting fro 

Tensile testiag. - All specimens that had not failed 
0.01. centimeter 

a 2, 54-centimeter 

of only the outside dbmeter of the tubular specimens. A 

report 
Internretation of hot-salt - stress-corrosion dam=. - re- 

sidual elongation less than 15 percent and residual 
cent was arbitrarily classified as embrittled. The 
drawn below the data points meeting this criterion 

A second criterion of stress-carrosion dama 
of each specimen was examined under a. microscope at 
eclrrosion cracking. Cracks as small as 0.002 c 
easily identified because they were covered w7ith 
type of cracking definitely occurred during the h 
usually at exposure stress levels greater than t 

?I 

r evidence of s 



crack threshold curve was drawn below the data points for specimens with cracks evident 
on the fracture surface. 

investigation. 

the bore of each of the fractured specimens. The reported concentrations represent the 
average of the values measured on each of the two broken portions. These measure- 
ments were made with a commercially available, chemical titration technique for solu- 
ble chlorides (ref. 10). 

Hydrogen analyses. - Standard vacuum fusion chemical analyses for hydrogen con- 
tent were made on selected specimens by an outside laboratory. Small samples (0.05 g) 
were cut from regions immediately adjacent to the fracture surfaces of the broken por- 
tions of the specimens. This size sample represents the minimum size required by the 
vendor for accurate analysis. Repeated analyses of the as-received 811 alloy (70 ppm) 
indicated the vendor's precision to be about d 5  ppm. 

The brittle rupture criterion discussed in the INTRODUCTION was  not used in this 

Measurement of deposited salt. - Concentrations of deposited salt were measured on 

RESULTS AND DISCUSSION 

Relative S usceptibili€y of Titanium Alloys 

The relative susceptibility to hot-salt stress-corrosion of the seven alloys in the 
various heat-treated conditions studied can be seen in figure 3. The individual threshold 
curves for each of these alloys for all test conditions considered are presented in fig- 
ures 9 to 21, which appear at the back of the report. 

Alloy susceptibility to  hot-salt stress-corrosion increased in the following order: 
679, 6242, 64, 643, 811, and 13-11-3. The 56218 alloy in different heat treatments was 
both the least and most susceptible alloy. 

that alloy susceptibility was not masked by the effects of residual machining stresses. 
Crack threshold curves were used for these comparisons because three of the alloys 
(643, 13-11-3, and 5621s) exhibited relatively low ductility in either the as-received, 
heat treated, or  unsalted exposed conditions. Since the ductility of these alloys without 
salted exposure was less than the arbitrary, residual ductility criterion discussed in the 
Test Procedure section, an embrittlement threshold curve is not applicable for these 
alloys. 

ure 3(a) that the 679 and 6242 alloys are the most resistant of all the alloys tested. The 
threshold curves for both the mill anneal and duplex meal conditions of the 679 and 6242 

Specimens in the chemically milled surface condition were  used €or this ranking so 

Standard tgesholds. - It is evident from the crack threshold curves shown in fig- 

9 
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The susceptibility of the 811 alloy varied markedly for the four heat-treated condi- 
tions considered. For example, the triplex condition resulted in good resistance to 
cracking with the threshold stress at 650 MN,/m2 (95 ksi) at 320' C (600' F) and 
350 MN/m2 (50 ksi) at 430' C (800' F). The threshold for the duplex condition decreased 
from 440 to 380 MN/m (65 to 55 ksi) over the same temperature range. However, the 
mill anneal condition was substantially inferior to both the triplex and duplex conditions. 
The resistance of the 811 alloy could also be affected by another heat treating variable - 
cooling rate. For example, chemically milled specimens in the mill anneal/air cooled 
condition exhibited a threshold curve that decreased from about 350 to 240 MN/m (50 to 
35 ksi) over the temperature range 320' to 430' C (600' to 800' F). For comparison, 
chemically milled specimens in the mill anneal/furnace cooled condition exhibited a 
threshold stress of only 170 MN/m2 (25 ksi) at 320' C (600' E'). 

The 5621s alloy exhibited the widest range of susceptibility of all the alloys tested 
in this program. The 56218 (1) condition (a+p roll, a+p anneal) exhibited resistance to 
cracking superior to that of any alloy studied in this investigation. Its threshold curve 
decreased from 720 to 510 MN,,m2 (105 to 95 ksi) at 320' to 480' C (600' to 900' F). 
However, when the discontinuous alpha microstructure was altered by either /3 roll- 
ing o r  p annealing, susceptibility to cracking increased dramatically. For example, 
the 56218 (2A) condition (a+-@ roll, p anneal) resulted in a threshold curve that decreased 
from 440 to 310 MN/m2 (65 to 45 ksi) at 320' to 480' C (600' to 900' F). Susceptibility 
increased still more for the 56218 (2B) condition (p roll, j3 anneal) as the threshold curve 
decreased from 310 to 35 MN/m (45 to 5 ksi) over the same temperature range. The 
56218 (2C) condition (p  roll, anneal, a+p anneal) was the least resistant alloy tested 
in this program. Its threshold curve decreased from I00 to about 35 W / m  (15 to 
5 hi). 

Normalized thresholds. - Another, and perhaps more meaningful, basis for com- 
paring the susceptibility of these alloys is to consider the crack threshold stress as a 
percentage of the potential use strength of the alloy. Since creep strength is usually the 
limiting design factor in the use of titanium alloys €or compressor applications, hand- 
book values of the 0.2 percent - 100 hour creep stress for each alloy and heat treatment 
were selected as the normalizing factor. Such a plot of the crack threshold stress as a 
percentage of the creep stress of the alloy against exposure temperature is given in fig- 
ure  3(b). This method of evaluating resistance to hot-salt stress-corrosion cracking 
yields some valuable information. For instance, although the threshold curves for both 
64 mill anneal and duplex occurred at intermediate stress levels in figures 3(a), these 
stresses a re  in fact as much as three times the creep strength of the alloy. Hence, on 
this basis, the resistance to hot-salt stress-corrosion cracking of the 64 alloy is f a r  
superior to all other alloys tested in this investigation. 

tially equivalent with their threshold curves occurring at about 100 percent of the creep 

2 

2 

2 

2 

The 679 and 6242 alloys in both the mill anneal and duplex conditions were essen- 
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strength mer the entire temperatare range of expzasure. The 891 alloy ome a 
hiblted large uariztirjns in threshold carves for the various heat treaime~ts st 
The threshold for the 811 triples ranged Eram 60 to 100 

ent of the creep strength. Th 
n occurred at 60 percent wliil 

furnace cooled condition decreased from about 30 to iin 

four eon&itions tested. The threshold stress w 

from 15 to 90 p 
air cooled co 

th of the alloy. The 56218 alloy also exhibited lar riatims in thres 

stress far conditian (1) (cu-tj3 roll, a*+/? amiezl) md ab 
(m-8 roll, 13 anneal) oyer thc entire temperature rmge investigated. Howexwr, 
ditions (2B) (8 roll, 
decreased from 48 to 5 percent and 15 to 5 percent of the 
tlic exposure temperature increased from 320" to BO* c 

Neither the 643 nor the 13-11-3 alloys could be 
because creep strength data are not availz~bte from t 
data determined in this investigation during stress-corrosictn eA.rposure irrdi 
for both of these allays cracking occurred bel@# the creep strength at 320" 
but somewhat above the creep s t r e n g ~  a t  430' c ( 8 ~ '  ~ ; i  (see 

anneal) arid (2C) (8 roll3 ,& anneaf, a+,d 

It is tempting to rationalize the relative susceptibill. 
investigation accordi-ng to chemical composition. Speci 
tigators have ranked the stress-corrosion suseeptibfli 
aluminum co~teni  (refs. 11 and 12): aluminum plus oxygen (refs. 13 to 151, 

zer content (refs. 15 to 17). Usually, &e lower th 
gher the beta stabilizer content, the inore resfsta 

ealt. water stress-corrosion. .&though these schemes 
tained in this  investigation demonstrating the &le ran 

Microstructure-suscelttible allqs. - Although a fu 



mill annealing at temperatures low in the alpha plus beta phase field, was quite suscep- 
tible to stress-corrosion. Resistance to stress-corrosion could be substantially in- 
creased by annealing at temperatures higher in the alpha plus beta phase field. The 
microstructure then consists of a distribution of discontinuous, equiaxed islands of pri- 
mary alpha in a continuous matrix of transformed beta (see fig. 8(d)). 

to 21) and salt water (refs. 22 to 24) environments. These studies demondrated that a 
structure consisting of discontinuous primary alpha was more resistant to cracking than 
a matrix of continuous primary alpha. 

corrosion resistance. For example, the results obtained for the 56218 alloy indicate 
that' processing and/or annealing above the beta transus drastically decreases resis- 
tance to stress-corrosion. Specifically, when the 56218 (1) alloy was processed and 
annealed at temperature high in the alpha plus beta field, but below the beta transus, 
the resultant structure of discontinuous alpha in a continuous matrix of transformed beta 
(fig. 8(k)) was  the most resistant condition tested in this investigation. Processing in 
the alpha plus beta field followed by beta annealing (2A) resulted in a transformed beta 
(WidmansEiten) microstructure (fig. 8(L)) .  This structure, which consists of narrow 
beta-rich platelets dispersed between elongated alpha grains, exhibited intermediate 
resistance to stress-corrosion. However, still poorer resistance was achieved when 
the 56218 alloy was  processed and annealed entirely within the beta field or even rean- 
nealed in the alpha plus beta field. For example, the 56215 (2B) and (2C) conditions 
were the least resistant alloys tested in this program. The resultant structure, con- 
sisting of a matrix of acicular transformed beta with either silicides o r  beta phase at 
the prior beta grain boundaries (figs. 8(m) to (p)), is extremely sensitive to hot-salt 
str ess-corrosion cracking. 

Microstructure-resistant alloys. - The 679, 6242, and 64 alloys do not appear to 
be as sensitive to microstructural variations as are the 811 and 56218 alloys. For ex- 
ample, only minor differences in threshold curves were observed for these three alloys 
for the heat treatments used in this study. The 679, 6242, and 64 alloys were tested 
with microstructures that consisted of both continuous alpha and discontinuous alpha. 

with C. E. Shamblen and H. M. Green) indicated that the threshold stress of one heat 
of 64 alloy mill annealed at 700' C (1300' F) for 2 hours, AC, could be decreased about 
35 percent by annealing near or above the beta transus followed by aging treatments. 
The threshold stress of the same material could be increased about 50 percent by warm 
working at temperatures slightly above the mill annealing temperature. 

These results are consistent with earlier investigations in both hot-salt (refs. 18 

Annealing titanium alloys at still higher temperatures can adversely affect stress- 

However, limited data reported by the General Electric Co. (private communication 

The Literature data discussed previously and the results obtained in this investiga- 
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tion for the 56218 alloy serve as examples of the dramati luence of microstr 
ttrral variations. Hence, caution should be exercised wh rpreting the stre 
corrosion resistance of the 679, 6242, and 64 alloys. It ibk that abusiv 

tibility to hot- salt stress - cor rosi on cracking. 

{private communication with C. E. Shamblen atid H. M. G 
to-heat variations could drastically influence susceptibility to stress-corrosion 

n) demonstrate tha 

old stress range of from 90 to €60 MN/m2 (13 to 23 ksi) 
at an exposure temperature of 430' c (800~ F),  eat-to- 

ther investigator (ref. 25) as having significant e€ 
salt stress-corrosion. 

e 8'11 mill ann 
variations wer 

Cooling rate from mill anneal. - h additional vari as determined for  
811 alloy. The as-received alloy was tested in the mil edfair cooled e 

f the bar stock was reannealed under similar co foFlowed by furn 
. Although no significant mkrostructural diffe ould be resolved, 

have reported the occurrence of the phase after slow co 
nealing in the temperature range about 500° to 600° C ( 
alloys with high aluminum contents such as the 811 all0 
influence of cooling rate is also apparent from the exce 
corrosion exhibited by the 811 alloy in the duplex anneal 
alloy was annealed for an extended period at 650' C (12 

The influence of specimen surface condition on susce 
corrosion ~ 7 a s  evaluated by determining threshold curves 
specimens in both the as-machined and chemically mille 

lity to hot-salt 

cte conditions. 



threshold curves determined in the dynamic air environment €or 811 mill anneal/air 
cooled, 64 duplex, and 6242 mill anneal alloys are shown in figure 4. It is evident that 
the crack threshold curve exhibited by chemically milled specimens is substantially 
below the threshold curve exhibited by specimens in the as-machined condition. For at 
least one exposure temperature for each of these three alloys, the difference between 
the threshold stresses was 210 to 350 m / m 2  (30 to 50 ksi). For most of the other 
alloys tested, the chemically milled threshold curve usually occurred at stresses up to 
70 MN/m (10 ksi) below the threshold curve exhibited by as-machined specimens. 

icant influence on susceptibility to hot-salt stress corrosion. The fact that most thresh- 

2 

As demonstrated by these results, specimen surface condition can exert a signif- 

120 

40 .’ 4 i As-machined 
Chemically mil led 

--- - \ ‘\ 
\ 
‘. 

0 
(a) 8llMill anneallair cool (figs. 9(a) and (b)). 

0 
300 400 5% 

Exposure temperah-e, OC 

I I I i 
600 700 800 900 

Exposure temperature, OF 

IC) 6242Milf anneal (figs. E(a) and (b)). 
Figure 4. -Crack threshold curves for as-machined afid 

chemically milled specimens of several allays (dynamic 
air). 
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old curves occurred at lower stresses for chemically m 
as -machined specimens suggests that the residual surfa 

ing the bore of the tubular speeimens were comp 
esses resulting fro 

attempted to use X-ray tec 

wever, the assumption regarding the sikm of th 
eration involved and with 
ated that mechanically i 
) residual compressive 

g hot-salt stress-corrosion of the 81 
rs (ref. 29) has hdicated that comp 

It from glass bead pee 
kinetics of residual stresses for the 64 alloy. After 100 
(600' F) about 75 percent of the original stress level rem 
ilar exposure at 430' c ( ~ o o O  F) only 25 percent of 
level remained. These results were independent of 
magnitude of the residual surface stresses. 

430" c j800" F) increased from 150 &m/m2 (22 ksi) to either 
70 ksi) depending on the  magnitude of the peening intensity 
Ma NI. Green: General Electric Co. ). However, e 
exhibited stress relaxstion and a significant redut: 
s i d u a ~  stresses wlien exposed at 480' c (909~ ~ 1 -  

In smimarg, both the results of this investigation and 
literature indicate that specimen surface condition can exe 
susceptibiliig to stress-corrosion. Residual compressive %tresses resulting f 

achining a r  shot-peening can protect titanium alloys from hot-salt s t re  
ion. However, it must be emphasized that this protective fn€luence c 

Results obtained for the 679 alloy shotvd  that the 100 hour threshold stress 

tecftisre effect o 

m i  during long time, elevated temperature exposures. 

Effect of A i r  Velocity 

The influence of a i r  velocity on susceptibility to hot- 
ted by determining tliresholcl curves for specimens 

kiboratory furnaces and in the dynamic air facility. Spe 
surface condition were tested in these two environments 
fieat- treatments: 811 mill annealdair cooled ami triplex, 
6242 mill anneal, and 13-11-3 dun'iex 

stress-corrosion 
osed in both st 

s in the chem 
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As reported previously (refs. 6 and 9), air velocity exerted only a minor influence 
on susceptibility to  stress-corrosion of the 811 mill anneal/air cooled alloy. In all 
cases, threshold curves determined in dynamic air occurred at similar or slightly 

2 greater stresses than did threshold curves in static air. A variation of 140 MN/m 
(20 ksi) was  determined between the embrittlement threshold stress in the two air en- 
vironments at 320' C (600' F) and about 70 MN/m2 (10 ksi) at 430' C (800' F). Varia- 
tions of 70 MN/m (10 ksi) o r  less were measured between crack threshold stresses 
over the same temperature range. These variations were considered minor and within 
the degree of accuracy that can be obtained with tests of this nature. Hence, it was 
concluded that there was only a minor beneficial effect of air velocity. 

Similar results were obtained €or the alloys studied in this investigation. Dynamic 
air threshold curves occurred at stress levels equal to or slightly greater than static 
air threshold curves. In the great majority of cases, both the embrittlement and crack 
threshold stresses for the two environments were within 90 MN/m (10 ksi) or less. 
For the 811 triplex, 64 mill anneal and duplex, 6242 mill anneal, and 13-11-3 duplex 
alloys, there were only 5 exposure conditions out of a total of 30 where the variation 

2 between threshold stresses was 140 MN/m (20 ksi). In no cases were any differences 
larger that this determined. 

mined for as-machined specimens in dynamic air and for chemically milled specimens 
in static air. Although the effect of air velocity could not be determined precisely be- 
cause of the differences in specimens surface conditions, it appeared that there was no 
effect of air velocity. Specifically, 22 out of 24 exposure conditions were within 

2 70 MN/m (10 ksi) or less. The other two exposure conditions resulted in differences 
of 140 m / m 2  (20 ksi). 

of the 340 meter per second (1100 ft/sec) dynamic air environment. Rowever, this 
effect is beneficial in that the threshold curve determined in the dynamic air environ- 
ment usually occurred at slightly higher exposure stresses than did the threshold curve 
determined in static air. It is possible that higher air velocities and pressures or  an 
impinging airflow might result in additional beneficial effects. 

2 

2 

Threshold curves for the 679 mill anneal and duplex and 6242 duplex were deter- 

Hence, it can be concluded from this investigation that there is only a minor effect 

I 
i Relation Between Embritttemenf and Crack Thresholds 

As mentioned in the INTRODUCTION, there are many criteria that have been used 
to define an alloy's susceptibility to hot-salt stress-corrosion. A previous investiga- 
tion by the author (ref. 5) defined three types of 100 hour thresholds for as-machined 
specimens of the 811 mill anneal/air cooled alloy exposed to a dynamic air environment. 
Specifically, at 430" C (800' F), embrittlement became apparent at an exposure s t ress  





8ol I Cracks 
Embrittlement 

--- 

4 0 1  '1 T. I 

0 
(a) 811MiII anneallair cool (fig. 9(b)). 

(6) 811 Duplex (fig. 1Nb)). 

300 400 500 
Exposure temperature, OC 

600 700 800 900 
Exposure temperature, OF 
(c) 56215 (?A) (fig. 19(b)). 

Figure 6. -Crack and embrittlement threshold curves for 
several alloys (chemically milled specimens, dynamic 
air). 

It is also possible that the sensitivity of the embrittlement testing technique could 
be enhanced in these alloys under slightly different conditions of tensile strain rate and 
temperature. For example, maximum embrittlement was  observed during low-strain- 
rate tensile testing at about 70' C (160' F) in the 6242 duplex alloy (private communica- 
tion with H. M. Green, General Electric Co.) rather than at room temperature (ref. 4). 

Effect of Exposure Time 

As might be expected, crack threshold stresses for all alloys decreased as the ex- 
posure time at 480' C (900° F) was  increased to 1000 hours (see fig. 7). However, the 
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I 

- I V  .t Î I 

relative susceptibility of the alloys teated d;id riot differ signifka~tly from the 100 hcj 
data discussed previously. The 56213 (1) alloy exhibite 
corrosion and was followed by the 6242, 619, m d  64 allo 

Specifically, when the expasure time was increased 100 to abmt 24 
2 either no changes or decreases of up to 10 MN/m * (10 1; 

3 stress of m l y  70 M N j k -  (10 ksi) was observed for the 5621s (1) and 6242 mi 

cept for the 679 mill annec?l which exhibited a. decrease irn threshdd stress of 210 
al.IIoya. Decreases of up to 140 MFT/'m2 Qza ksl) .tt.ere obserx7ed for the other 

(30 Bsi). 
Cracks rather than embrittlemmt were used for deflni~g these long-time thresh 

c ~ r v e s  because of the possibility of embrittlement resu 
I bility masking embrittlemcnt due to hot-salt stress-eo 

d 2 h  are 120t  complete, it appears that the 56215 (I). 6 
e c " y  stzble in the heat treated conaiiims used in th i s  study. Of course 
specimens should be exposed under similar conditions to accurately establish baself 
ductility. 

It should be noted tlmt the salt contents measured on most of these specimens =if 
stress-corrosion testing were somewhat below the intended, presalted co 
In all probability this loss  a€ soluble chlorides can be attriburied to c:hcmi 



Hydrogen Analyses 

The author has previously reported (ref. 4) that increases in hydrogen content of 
stress-corroded titanium alloy specimens could be  detected. Specifically, vacuum- 
fusion chemical analyses of 811 mill anneal/air cooled specimens that had been exposed 
to hot-salt stress-corrosion conditions indicated average hydrogen concentrations of 
Erom 100 to 255 ppm, as compared to the as-received alloy which contained about 70 ppm. 
Furthermore, a more recent investigation (ref. 5) demonstrated that this corrosion- 
produced hydrogen was concentrated below the salt-corroded and fracture surfaces of 
the specimens to concentration levels of several thousand ppm. It was also demonstrated 
that corrosion-produced hydrogen is responsible for embrittlement and cracking of the 
811 titanium alloy subjected to hot-salt stress-corrosion exposures. 

gated, the results of vacuum-fusion chemical analyses must be viewed with caution. 
This type of analysis represents only the totaL or average hydrogen concentration of the 
bulk sample submitted for analysis. It does not indicate the true concentration of hydro- 
gen that may be segregated on a microscopic scale. In fact, unless the sample selected 
for analysis is small and taken close to the fracture surface, real increases in hydrogen 
content may be masked and indistinguishable from baseline values. In spite of these 
limitations, vacuum-fusion analyses a re  inexpensive and can yield valuable information. 
Consequently, hydrogen analyses were obtained for several s tress-cor rosion conditions 
of each of the alloys tested in this investigation. These results are presented in 
table IV. 

corroded specimens were observed for all heat treatments of the alloys studied, with 
one exception. These analyses indicate that the hydrogen concentrations of these bulk 
samples were two to three times the level of the as-received alloy. The exception was 
the 13-11-3 alloy for which discrepancies between the vendor's and NASA's analyses of 
as-received bar stock could not be rationalized. 

drogen reflect concentrations on a microscopic scale several orders of magnitude 
greater. Based on these results, corrosion-produced hydrogen appears to be involved 
in the embrittlement of all titanium alloys during hot-salt stress-corrosion. The tech- 
niques used to  measure hydrogen concentration on a microscopic scale and the mechan- 
i sm of hydrogen embrittlement have been discussed in detail in previous publications 
(refs. 3 to 5 and 8). This section is intended only to  demonstrate the generality of the 
theory proposed earlier. 

In addition, since these experiments demonstrated that hydrogen is highly segre- 

As evident from these data, significant increases in hydrogen content of stress- 

However, as  discussed earlier, it must be emphasized that these bulk values of hy- 



TABLE IV. - HYI)ROGEN ANALYSES OF AS-RECEIVED STOCK A h 9  

STRESS- CORRODED SP EF IME NS 

Alloy Heat treatment 

811 Mill anneab'air ccml 
filill annea1;air cool 
Mill arrnral/furnaoe cool 

Triplex 

64 Mill anneal 
Mil anneal 
Duplex 

8242 Mi 11 PIlIlea 1 
Mill anneal 
Duplex 

RIiU anneal 
Mill anneal 

2A 
2A 
2B 
2B 
2C 
2 c  

specimen t ration, 

Refs. 4 arid 5 
323, 332, 321 

63 to  67, 78 to  76 

Stock km, c295 to 303 
I ,  24, 30, 18 289, 285. 302, 214 

a ,  See tables V to XVII f o r  stress-corrosion exposure conditiuns. 

NASA, usually 1-4 determinations. 
1% cndor. 
C* 



CONCLUDING REMARKS 

Microstructural and Processing Variabtes 

The general trends apparent from the data of this investigation as well as the liter- 

(1) A microstructure consisting of a discontinuous alpha phase in a transformed beta 
ature cited can be summarized as follows: 

phase matrix (processing high in the alpha plus beta field) is most resistant to stress- 
corrosion. 

(2) An acicular transformed beta structure (processing above the beta transus) is 
least resistant to stress-corrosion. 

(3) A structure consisting of a continuous matrix of primary alpha (processing low 
in the alpha plus beta field) exhibits intermediate resistance to stress-corrosion. 

(4) The Ti3& phase resulting from annealing In or slow cooling through a critical 
temperature range increases susceptibility to stress-corrosion for alloys containing 
more than about 6 percent aluminum. 

Although nominal alloy composition and alloy partitioning between alpha and beta 
phases may play a significant role in determining alloy susceptibility t o  hot-salt stress- 
corrosion, it is felt that phase morphology is also of importance. The roles of both 
composition and structure in the process of stress-corrosion are undoubtedly complex. 
E t  is possible that the process of stress-corrosion cracking can be separated into at 
least three stages: (1) initial surface corrosion, (2) hydrogen absorption and diffusion, 
and (3) embrittlement and crack propagation. It is probable that the effects of both alloy 
and phase composition are most significant on the corrosion (refs. 11, 12, 23, and 25) 
and hydrogen absorption (refs. 14, 30, and 31) processes. Microstructure exerts an 
influence on both hydrogen embrittlement (refs. 32 and 33) and crack propagation or 
fracture toughness (refs. 12, 22 to 24, and 34). Obviously, additional research is 
needed to fully clarify and define all the critical steps involved in the process of hot-salt 
stress-corrosion of titanium alloys. 

b 

Variables InfIuencing Hot-Sa[€ Stress-Corrosion 

The results of this and previous investigations by the author (refs. 3 to 9) can now 
be summarized and used to answer one of the major questions that initiated this entire 
research program. Why have no documented service failures been reported for the ti- 
tanium alloy compressor components that are operating under conditions of stress, tem- 
perature, and salt concentrations (refs. 3 and 7) which result in stress-corrosion fail- 
ures in laboratory tests? 
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 he major variables influencing stress-corrosion are as follows: (1) all0 
sition, heat-to-heat variations, processing conditions; (2) specimen surface co 
and (3) cyclic exposure conditions. 

eoneentration, and salt deposition temperature exert only a minor influence on 
ceptibility of the 811 alloy (refs. 6 and 9). The negligible influence of salt con 
was also spot checked in t h i s  investigation numerous times. Specimens of the 
6242, and 64 alloys were coated with 0.016 to 0.16 milligram per square centi 
(0.1 to 1 mglin. >, which was the  concentration range frequently encountered in the 
compressors of jet engines (ref. 7). Almost invariably, salt concentrations in thfs 
range did not affect crack threshold stresses. 

service failures. Specifically, most titanium alloy compr 
currently in service a re  made from the 64 alloy, This 
that under simulated compressor environmental conditi 
and not stress-corrosion limited. In addition, most co 
peened to produce residual compressive stresses on a 
has shown. substantially higher threshold stresses re 
residual compressive stresses as compared to stress-free surfaces. Pr 
Erom a current phase of the NASA hot-salt stress-corrosion program, t 
several resulis in the literature (refs. 20, 28, and 351, 
exposures are not as severe as continuous exposures fo lent. totai times. 

t engines? especially military, operate for re 
threshold curves commonly generated in laboratory 
more severe conditions than the stress-temperature profiles of curre 

ssor components. 
wever, there is still reason for concern that there may be ser 

developmental engines call for newer, stronger alloys that may be m 
pocessing variables. These alloys are intended €or use  at  higher 
and temperatures and for longer cyclic periods. Under such oper 
beneficial efYects of both cyclic exposures and shot-peening would be reduced. 

Environmental variables such as air velocity, air pressure, a i r  dewpoint, s 

2 

The major variables cited previously satisfactorily rationalize the report 
r components that are  

SUMMARY OF RESULTS 

The purpose Q€ this investigation was to determine the relative suscept 
hot-salt stress-corrosion of seven titanium alloys. The luation tests were 
in a facility that simulated the ensironmental conditions 
of a jet-turbine engine. The alloys tested were 811, 64, 6242, 679, 562LS, 
13-11-3. All but the 643 alloy are commercially available alloys, and they 
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tested in two commonly used commercial heat treatments. Salt-coated specimens of 
these alloys were normally exposed for 100 hours in the temperature range 320' to 
480' C (600' to 900' F). Specimens were then tensile tested at room temperature at a 
constant, low strain rate to determine resillual ductility. When possible both embrit&le- 
ment (less than 25 percent reduction of area and 15 percent elongation) and crack (cor- 
roded cracks on specimen fracture surface) threshold curves were determined. 

1. Relative susceptibility to hot-salt stress-corrosion cracking can be drastically 
altered by heat-to-heat variations and processing conditions. 

2. A comparison of standard 100 hour crack threshold curves indicates that suscep- 
tibility to hot-salt stress-corrosion increases in the following order: 679, 6242, 64, 
643, 811, and 13-11-3. The 56213 alloy was both the least and most susceptible alloy 
depending on heat treatment. 

3. When the alloys are compared on the basis of their potential use strength (100 hr 
crack threshold stress divided by stress for 0.2 percent creep in 100 hr), then the ra&- 
ings are modified slightly: 64, 679, 6242, and 811. The 5621s alloy ranks either just 
above or below the 811 alloy, once again depending on the heat-treated condition of the 
5621s alloy. Limited creep strength data for the 643 and 13-11-3 alloys precluded ac- 
curate rankings for these alloys. 

4. The more resistant alloys, 679, 6242, and 64, exhibited only minor variations in 
threshold curves for the heat treatments tested. The more susceptible alloys, 811 and 
56213, exhibited substantial variations in threshold curves €or the heat-treated condi- 
tions tested in this program. As mentioned previously, the 56218 alloy was both the 
least and most susceptible alloy tested in this program. 

5. An alloy microstructure consisting of a discontinuous alpha phase in a trans- 
formed beta phase matrix appears to be most resistant to stress-corrosion. This struc- 
ture can be achieved by working and/or annealing at temperatures high in the alpha plus 
beta phase field. 

hibits intermediate resistance to stress-corrosion. This structure results from work- 
ing and annealing at temperatures low in the alpha plus beta phase field. 

?. A microstructure consisting of acicular transformed beta phase is the structure 
that is least resistant to stress-corrosion. This structure can be achieved by working 
and/or annealing at temperatures above the beta transus. 

sitivity to stress-corrosion. This ordered phase results from slow cooling through or  
extended annealing in the temperature range 500' to 600' C (930' to l l l O o  F). 

9. Residual surface compressive stresses resulting from specimen preparation re- 
duce susceptibility to stress-corrosion. Specimens stress relieved by chemically mill- 
ing the machined, compressively stressed surface exhibited a threshold curve at sig- 
nificantly lower stresses than did specimens in the as-machined condition. Major effects 

6. A microstructure consisting of a continuous matrix of primary alpha phase ex- 

8. An alloy heat treated under conditions likely to form Ti3Al exhibits extreme sen- 
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(58 kai) lower than did the crack threshold curve for the m(~rc  m ~ ~ e p t i b l e  alloys, 

1%. Increasing khe stress-enrrosion exposure lime to i O O 0  hours resulted in dc- 

ever, the relative susceptibility of the alloys remained essentizlly unclianged. 
13. Increases in average bulk hydrogen coiltent of fro= ~ W C I  to three times 

cmbrltttlement and eraeking of titanium alloys. 

Lewis Research celltes, 
National AeronauticE znd Space Administration, 

Cleveland, Ohio, July 2, 1971, 
129-03. 
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TABLE VI. - 811 MTLL ANNEAL/FURNACE COOLED (FIG. io) 

percent reduc- 

As-machined, dynamic air 

___ 1010 147 940 136 32 
__- 1050 152 1020 148 25 
_-_ 1020 148 1020 148 9 

No 
N O  

Yes 

No 
No 

No 
Yes 

0.04 0.26 
-06  - 37 
- 08 -54 

-13 -82 
.07 .46 

- 11 -68 
-03 - 19 

34 
16 

10 
11 

_-- 
___ 

Chemicallv milled. dvnamic air 
, I  

990 143 990 143 8 7 0.06 0.38 No 
140 20 _-- 990 143 990 143 12 8 - 02 -12  No 
210 30 970 140 970 140 5 1 - 05 -33 Yes 

TABLE M. - 811 DUPLEX (FIGS. ll(a) AND (b)) 

Exposure conditions Tensile test data Salt coating Speci- 

Temper- 

Heat- 
tinted 
crack T~~ Creep, 1 mtim; ~ Fracture , I Reduc- Elonga- mg/cm2 mg[in. 

percent reduc- stress s t ress  tion of tion, 
m / m 2  ‘si tion of a rea  area, percent 

MN/m2 ksi W / m 2  ksi percent 

As-machined, dynamic air 

94 
96 

6 20 
760 

No 
Yes 

No 

1 
Yes 
- 

0.52 
-78 

* 49 
-52 
- 9 1  
-14 
- 56 
-29 

95 
96 
95 
94 
97 
95 - 

280 
410 
410 
480 
480 
550 - 

40 
60 
60 
70 
70 
80 

1070 
1080 
1080 
1100 
1070 
1060 

1010 

1070 
274 

422 

Chemically milled, dynamic air 

277 
275 
278 
428 
43 1 

425 
430 
427 

70 
210 
3 50 
410 
480 

2 10 
280 
350 

1080 
1080 
1070 
1060 
1020 

1060 
1060 
1060 

970 
970 
950 

1060 
1020 

1060 
1060 
1060 

0.30 
.48 
- 80 
-85 
1.1 

- 87 
-42 
- 66 

No 

I 
Yes 

No 
No 
No 

10 
30 
50 
60 
70 

30 
40 
50 
- 

141 
141 
138 
154 
148 

153 
154 
154 
- 

156 
156 
155 
154 
148 

153 
154 
154 - 

- 17 

13 - 13 
13 
11 .10 
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TABLE ViII. - 811 TRIPLEX f F1C.S. 12ca) TO 
__.___- 

I 

~h-piisurii conditions 

Ultimate 
stress 

As-machined, dynamic alr 

Chemically milled, dynamic ai1 

20 
23 
31) 

23 
17 
10 

22 
23 
24 
23 
4 

.08 

.l5 

.06 

. L3 

. 10 

. IJY 

.06 

. 05 

.03 

.05 
16 5 

_I 

3 20 

i 
i 

3 70 

430 

- I 

_- 
70 
so 
80 
90 
00 

40 
50 
60 
60 
70 

30 
30 
40 
50 
50 
60 
I_ 

180 
1 9.9 
183 
162 
16 1 

160 
I86 
113 
176 
185 

163 
168 
182 
195 
188 
170 - 

600 

i z 
700 

i 
so0 

- I 

$6 
97 
97 
96 
96 

96 
Yb 
94 
96 
96 

Y 6 
96 
$8 
96 
66 
96 - 

480 
550 
550 
620 
690 

2 so 
350 
410 
4 10 
480 

2 10 
2 10 
280 
3 50 
350 
410 -- 

950 
9 40 
940 
990 
1100 

950 
960 
940 
960 
900 

970 

970 
960 
560 
940 
951 - 

920 
920 
940 
970 

1080 

920 
960 
cj00 

540 
YO0 

690 
YO0 
960 
880 
930 
950 

~ 

24 
'28 
19 
18 
8 

21 
17 
3 3 
13 
9 

36 
33 
I8 
3t; 
15 
17 - 

0.10 
* 47 
. 4 1  
.51 
* 5: 

-26 

.37 
~ 87 
.45 

.07 

.4L 

.03 
I 40 
.55 
.49 

.w  

23 
20 
10 
I4 
2 

20 
12 
21 
10 
2 

24 

22 
14 
24 
10 
11 

0.02 
I 07 
.06 
. 08 
. 06 

. 04 

.14  

. 98 

. 34 

.07 

. 01 

. OG 

. ( J I  

. 06 
*os 
. a9 

133 
133 
136 
141 
157 

134 
139 
130 
137 
130 

129 
13 L 
138 
127 
135 
138 
- 

13s 
137 
138 
143 
160 

138 
139 
137 
139 
130 

141 
140 
139 
139 
136 
138 
- 

CheniicalIy milled, static air 
1 

0.05 
. 20 

. os 

. I4 

.08 

.@2 

f 09 
I 03 
I04 
. 16 

880 127 
900 130 

010 132 

920 133 
840 122 
920 134 
850 123 
940 137 
790 Ii5 

aoo 130 No 
fc 8 

I 1 4  
* 87 

~ 82 
. I3 
. GO 
* 30 
.25  

1.0 

23 22 
l1 43 , 27 

No 

1 
Yes 

16: 

198 
"Fall& on ioading. 
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TABLE IX. - 64 MILL ANNEAL (FIGS. 13(a) TO (e))  

tion of area 

&-machined. dvnamic ah m 21 
37 
32 
3 

4 
11 
18 

16 
34 
30 
6 

36 

14 
23 

550 
690 
760 
830 

550 
620 
690 

2 10 
2 80 
3 50 
410 
480 

2 10 
280 

0.6 
- 3  

3.0 
9.0 

0 
2.0 
4.8 

.7 

.3  
- 7  
- 3  

6.3 

3.5 
7.9 

950 
920 

1030 
1260 

970 
1010 
1170 

970 
960 
970 
940 

1200 

1020 
1260 

33 
34 
29 
19 

34 
28 

5 

31  
33 
33 
34 
7 

33 
7 

16 
16 
12 
7 

17 
15 
2 

17 
17 
17 
18 
6 

16 
6 

1.0 
- 05 
- 96 
- 95 

.88 
- 39 
- 54 

- 03 
-03 
- 78 
- 85 
- 53 

.18 
- 39 

~ 

No 

! 
Yes 

No 

1 
Yes 

No 
Yes 

0.17 
- 01 
- 15 
- 15 

-14  
-06 
-08 

- 01 
-01  
* 12 
- 13 
- 08 

- 03 
.06 

138 
133 
150 
182 

140 
147 
170 

140 
13 9 
140 
136 
174 

148 
183 

1090 
1060 
1070 
1390 

1100 
1130 
1170 

1090 
1100 
1100 
1090 
1200 

1150 
1260 

80 
100 
110 
120 

80 
90 

100 

30 
40 
50 
60 
70 

30 
40 

158 
154 
16 9 
202 

160 
164 
170 

158 
160 
160 
158 
174 

167 
183 
_. 

370 
370 
370 

430 

700 
700 
700 

800 

95 
95 
94 

96 

480 900 96 
480 1900 1 95 

Chemically milled, dynamic air 

600 
600 

700 
700 
700 

800 
800 

900 

146 
--- 

137 
143 
153 

145 
164 

148 
- 
- 
139 
147, 
171 

136 
146 
148 

13 8 
154 

140 
142 
140 
152 
167 - 

33 
40 

36 
31 
22 

34 
12 

32 
- 
- 

33 
30 
22 

36 
30 
24 

36 
10 

35 
35 
36 
30 
10 

15 0.16 
20 -09 

17 -06  
15 - 02 

2.7 1170 169 1010 
__-- ___ ---- 40 

-5 1100 160 940 
1.4 1130 164 990 

370 
370 
370 

10 430 
20 430 

22 480 

6 20 
98 620 

95 350 
95 

94 280 

l3 

17 I :: 
Chemically milled, static air q-iq-F 320 600 

- 
960 

1010 
1180 

940 
1010 
1020 

950 
1060 

970 
980 
970 

1050 
1150 

- 
1100 
1150 
1280 

1100 
1120 
1100 

1130 
1060 

1120 
1130 
1140 
1190 
1150 

- 
159 
166 
186 

159 
162 
159 

16 4 
154 

16 3 
164 
16 5 
172 
167 - 

700 
700 
700 

- 15 8 370 
b5 370 
27 370 

16 
14 

17 
3 

No 
Yes 

No 
Yes 

18 
18 
18 
16 
3 

No 480 900 

40 

aFailed on loading. 
bHeavy salt. 

Yes 
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1 ) ~  lo 
~ 15 
. 12 
~ 17 
. 1.1 

* 08 
. t5  
. 13 
.07 
I2 

. 13 

. it 
12. 

. 0 4  

4o 1. $3 
5 (3 5. i 



TABLE XI. - 6242 MILL ANNEAL (FIGS- 15(a) TO (c)) 

Speci- 

Temper- 
ature 

tion of area 

As-machined, dynamic air 
~ 

14 
26 
9 

10 
18 

8 
32 
25 
21 
31 

a23 

22 
29 
15 
12 
34 
33 - 

~ 

84 
92 

95 
97 
94 

96 
81 
91 

85 
98 

- 
320 
320 
320 

370 
370 

430 

1 
- I 
- 
480 

- 
600 
600 
600 

700 
700 

800 I 
I 900 

600 
600 

700 
700 
700 

800 
800 
800 

900 
900 - 

600 
600 
600 

700 
700 
700 

800 
800 

900 

- 
96 
96 
96 

97 
96 

97 
96 
95 
96 
95 
16 

95 
96 

- 
100 
110 
120 

100 
110 

60 
80 
90 
90 
100 
110 

30 
60 
70 
70 
70 
80 - 
- 
110 
120 

80 
90 
100 

70 
80 
90 

60 
70 - 

90 
100 
110 

80 

90 
100 

70 
80 

30 
40 
50 
60 - 

690 
760 
830 

690 
760 

410 
550 
620 
620 
690 
760 

2 10 
410 
480 
480 
480 
550 
- 

- 
760 
830 

550 
620 
690 

480 
550 
620 

410 
480 

0 
0 
1.6 

0 

-7 

0 
0 
0 
_ _ _  
-6 
9 

_ _ _  
.7 
1.6 
1.0 
-6 
3.4 

1060 
1100 
1190 

1110 
1090 

1160 
1120 
1150 
1120 
1170 

154 
159 
172 

16 1 
158 

168 
162 
167 
163 
170 
_ _ _  
16 9 
167 
167 
171 
170 
172 
- 

940 
990 
1050 

1010 
1090 

1030 
980 
1030 
1030 
1030 
_ _ _ _  
1030 
1010 
1030 
1060 
1020 
1190 
- 

31 
31 
29 

33 
6 

31 
31 
29 
29 
31 
9 

30 
33 
31 
30 
33 
15 
- 

No 

1 
1 
1 

Yes 

No 

Yes 

No 

Yes - 

0.14 
.07 
-11 

- 10 
~ 16 

- I? 
- 11 
-12 
~ 12 
~ 11 
- 14 
- 07 
-14 
- 02 
-04 
-13 
-08 

136 
144 
152 

147 
158 

149 
142 
150 
150 
149 

150 
147 
150 
153 
148 
172 
- 

18 
17 
11 

17 
1 

16 
17 
15 
15 
16 
7 

18 
18 
17 
15 
10 
8 

16 
2 

15 
5 
5 

16 
2 
7 

17 
10 

0.89 
.43 

~ 71 

~ 65 
1.0 

1.1 
~ 69 
- 76 
~ 80 
- 68 
- 87 
-42 
- 90 
-13 
.24 
~ 84 
-49 

1170 
1150 
1150 
1180 
1170 
1190 

Chemically milled, dynamic air 
- 
139 
175 

155 
159 
158 

139 
155 
162 

143 
163 
- 

- 
320 
320 

370 
370 
370 

- 
96 
95 

- 
1110 
1210 

1090 
1100 
1090 

1100 
1070 
1120 

1150 
1130 

- 
16 1 
175 

158 
159 
158 

159 
155 
162 

166 
164 
- 

- 
960 
I210 

1070 
1100 
1090 

960 
1070 
1120 

990 
1120 

- 
33 
7 

25 
10 
9 

0.79 
- 78 
.59 
-93 
- 65 
.68 

- 81 
~ 24 
- 98 

1- 1 

No 
Yes 

N O  

Yes 
Yes 

No 
Yes 
Yes 

N O  

Yes 

1.9 
2.5 

0 
0 
0 

0 
- 3  
.5 

1.1 
1.5 

0.12 
-12 

- 09 
- 14 
-10 

95 
96 
99 

430 
430 
430 

480 
480 
- 

95 
99 
94 

96 
96 

33 
7 
11 

36 
12 

-11 
-17 
- 12 
~ 04 
- 15 

Chemically milled, static air 

35 
7 
5 

4 
19 
82 

37 
40 

b20 
2 
17 
39 - 

320 
320 
320 

96 
96 
96 

620 
690 
760 

550 
620 
690 

480 
550 

210 
280 
350 
410 - 

1140 
1110 
1110 

1170 
1120 
1100 

1130 
1100 

1150 
1150 
1120 
1090 

980 
1040 
1110 

1080 
1120 
1100 

1010 
1100 

_ _ _ _  
1010 
990 
1090 

35 
24 
12 

26 
9 
10 

N O  

NO 
Yes 

No 
No 
Yes 

No 
Yes 

No 
No 
No 
Yes - 

0.15 
- 11 
.12 

- 17 
- 12 
- 14 
- 12 
-11 

- 07 
-10 
- 10 
- 12 

0.98 
- 68 
- 80 
1.1 

- 80 
-91 

- 81 
- 74 
47 
-65 
- 64 
- 77 

142 
151 
16 1 

156 
163 
159 

146 
160 

147 
143 
158 - 

17 
13 
7 

14 
5 
5 

16 
a 

16 
17 
18 
3 

16 5 
16 1 
16 1 

170 
163 
159 

164 
160 

370 
370 
370 

430 
430 

480 

95 
96 
96 

96 
96 

72 
94 
96 
96 - 

31 
10 

27 
33 
32 
6 - 

167 
167 
16 3 
158 I 

'Failed during exposure. 
'Exposure terminated prematurely. 
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Temper- 
: i twe 

As-machined, dynamic air -_ 
00 

100 
110 

70 
80 
90 

100 

60 
70 
70 
8U 

80 
80 
MU 

fi0 

60 
7 (3 
80 - 

"- 

110 
115 

W? 
a0 

50 
60 
60 
'io 

50 
60 
60 
7 0 -- 

__ 
150 
149 
171 

150 
145 
151 
154 

150 
154 
150 
150 
150 
142 
--- 

151 
152 
155 
16% - 

6 20 
690 
76il 

420 
5 50 
a 0  
690 

410 
"180 
180 
550 
5511 
550 
6211 

410 

4 10 
480 
550 - 

0.09 
.07 
. 10 

. 1s 
~ 08 

-07 
. 08 

~ it'i 
,04 
* 14 
,01 
.02 
.15  
* O R  

.02  

. 07 

. 02 
03 

_ _ ~  

132 
131 
1 40 
154 

139 
I37 
135 
13'3 
134 
142 
_ _ _  

__ 
154 
--- 
1. I3 c 

156 

134 
135 
1.37 
155 

t 37 
155  

144 

$ 1  

_ _ _  

96 760 
* 1 790 

95 550 
96 a i 3  * 11 

. 0 3  
~ 09 
. 16 
.09 

. Ofi 

.05  

. €0 
, li7 

36 



TABLE Xm. - 679 MILL ANNEAL (FIGS. 17(a) AND (b)) 

5peci- Exposure conditions 7 Tensile test data Heat- 
tinted 
c r a c k  mg/in. 

tion of a rea  

&-machined, dynamic air 

13 
9 

5 
21 

4 
12 
8 
2 

a15 

10 
22 
19 
6 
31 

690 
760 

620 
690 

480 
5 50 
550 
550 
620 

3 50 
410 
410 
410 
480 

0.3 
3.3 

0 
0 

0 
0 
0 
0 
10 

_ _ _ _  
0 

_ _ _ _  
0 
0 

1070 
1190 

1080 
1060 

1040 
1060 
1050 
1060 
--_- 

1070 
1090 
1060 
1060 
1050 

940 
1080 

940 
1060 

940 
970 
930 
950 

_-_- 

1000 
990 
990 
1000 
1050 

33 
14 

33 
6 

32 
29 
32 
29 
10 

27 
30 
31 
27 
9 

19 
12 

19 
1 

20 
18 
20 
19 
5 

19 
18 
19 
18 
5 

0.12 
-13 

-11 
- 15 

.11 
- 01 
.10 
-11 
-20 

- 04 
- 01 
-03 
.05 
-06 

0.78 
-82 

.69 
-99 

-71 
-08 
- 63 
- 70 
1.3 

- 27 
-01 
.21 
- 33 
- 41 

No 
No 

No 
Yes 

No 

J 
I 

Yes 

No 

Yes 

.oo 

.10 

90 
.oo 

70 
80 
80 
80 
90 

50 
60 
60 
60 
70 - 

155 
172 

156 
154 

151 
153 
152 
153 
_ _ _  
155 
158 
154 
153 
152 
- 

137 
156 

137 
154 

136 
140 
135 
138 
--- 

145 
144 
144 
145 
152 

320 
320 

370 
370 

430 

i 
- i 
480 

600 
600 

700 
700 

900 

97 
97 

96 
95 

96 
98 
93 
95 
20 

97 

Chemically milled, static air 
I I I 

No 

i 
Yes 

No 
Yes 

No 
No 
Yes - 

132 33 
150 28 

37 

146 22 
141 4 

142 29 
150 18 

136 33 
143 25 
146 18 

_ _ _  

_ _ _ _  690 100 
760 110 2.7 
790 115 37 

550 80 0 
620 90 1.2 

480 70 -2 
550 80 -6 

410 60 .6 
410 60 -6 
480 70 18 

1040 
1150 

1030 
970 

1060 
1040 

1060 
1060 
1030 

'Failed during exposure. 
"Failed on loading. 
'Exposure termined prematurely. 
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r- 

0.7 
1. 6 
2.2 

0 
.? 

I I  

0 
.7 

H 

I0 

38 



TABLE XV. - 5621.9, CHEMICALLY MILLED, DYNAMIC AIR (FIGS. 19(a) TO Cd)) 

Salt coating Heat- Speci- Exposure conditions Tensile test data 
men - 

Temper- Time, Stress Creep, mtimate Fracture Reduc- Elonga- 
ature h r  percent reduc- s t ress  s t ress  tion of tion, 

area, percent 
OC OF MN/m2 ksi MN/m2 ksi percent 

Heat treatment (1) 

tin€& 
cracks 

I I  
0.24 

~ 12 

-11 
. 07 
~ 12 
- 12 

No 
Yes 

No 
No 
No 
Yes 

1080 
1090 

1110 
1100 
1100 
1110 

1010 
1030 

990 
990 

1060 
1060 

143 
153 70 

80 . 5  

Heat treatment (2A) - 
29 
30 
32 
36 
34 

26 
27 

a3 8 
31  
39 
28 - 

- 
30 
40 
60 
70 
80 

10 
30 
40 
40 
50 
70 
- 

2 10 
280 
410 
480 
550 

70 
210 
280 
280 
350 
480 

25 
7 
6 
6 
5 

8 
11 
25 
7 
4 
4 

13 
5 
2 
3 
3 

6 
6 

13 
3 
1 
1 - 

0. 14 
- 17 
~ 14 
-02 
- 07 

- 06 
- 05 

No 
N O  

No 
Yes 
Yes 

No 

i 
Yes 
Yes 

151 
157 
158 
159 
158 

160 
162 
157 
158 
154 
153 - 

0.89 
1.1 
- 91 
-10 
.48 

- 39 
-33 

49 
-47 
- 7 1  

_ _ _ _  
96 

J 
95 
94 - 

- 07 
- 07 
-11 

Heat treatment (2B) 

24 
20 
18 
17 
16 
19 

22 
23 

600 I 
900 
900 

96 
99 
96 

I 
95 
96 

~ 

0.04 
-09 
- 05 
-12 
~ 19 
- 04 

- 01 
* 12 

0- 25 
- 5 5  
-33 
- 82 

- 24 

-01 
-79 

1.2 

No 

J 
! 

Yes 

150 26 17 
148 26 17 
151 20 15 
155 8 6 
150 6 1 
146 7 2 

154 6 2 
148 5 2 

320 

~ 

480 
480 - 

3 50 
410 

2 10 

Heat treatment (2C) 
I ___ E 1 

11 I 1 96 280 40 ___  1000 

a9 320 600 95 70 10 
_ _ _  96 70 10 

96 140 20 _-_ 10 10 1: 

a3 480 900 95 70 lo  _-- 1100 
10 480 900 95 70 10 _ _ _  1040 
14 480 900 96 210 30 _-- 1010 

%nsalted. 

1100 
1040 
10 10 
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~ -- i 

Exposure cilnditinns Tensile test d a h  

Crcvp, 
percent reduc- 

tion of area 

ULtiniatcz 
stress 

Fracture Reduc- 
stress I t io& rif 

0.06 
.0'3 
. I 7  

. 05 

.05 

. I2 

.03 
-_ I-- 

TARLE XWI. - 13-11-3 DUPLEX (FIGS, ZUaj TO (elf 

tinn of area 

As-machined, dynamic. air 

I070 
12110 
1220 
1190 
I220 

830 
1000 
140Q 

Ciwmically milled, dpamic  air 
~ 

i i7a  
1 LOO 
1320 
lOBQ 
1250 

1180 
1220 
1340 

~ 

36 
98 
95 
97 
DB 

36 
95 
97 

__ 
140 
280 
350 

4ia 
480 

2 10 
280 
3 50 

___. 

- 
20 
40 

50 

7a 
50 

30 
40 
50 

__ 

- 
1170 
1100 
1320 
m a  
1260 

I160 
12%0 
1340 

- 
170 
158 
19 1 
157 
182 

le& 
17% 
195 
"1" 

~ 

3 
I 
3 
I 
e 

2 
7 - 
3 

a. a3 
.01 
.I3 
.07 
. 08 

.05 

. 08 

.03 
.-_I-- 

Chemicallv milled. statir air 
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TABLE XVm. - INFLUENCE OF EXPOSURE TIME AT 480' C (900' F) 

[Chemically milled, dynamic air (fig- ?)-I 

percent reduc- 

64 DupIex 

1180 171 1040 -150 0.16 1.0 No 
88 216 280 40 -23 No 

6242 Mill anneal - 
87 

93 
88 
89 
83 

54 
59 

71 
41 - 

242 

1000 
1005 
983 
1000 

216 
244 

1000 
1000 - 

216 

1000 
100 1 

420 60 1. 5 1 1160 I169 1 1050 1152 1 32 1 14 1 0.04 

350 50 - 8  1150 167 1070 155 28 15 - 02 
350 50 I. 3 1170 170 1080 156 30 14 -03 
350 50 1.5 1190 173 1040 151 34 18 - 04 
420 60 12 9 - 04 

6242 Duplex 

3 50 .6 

---- 350 50 
350 50 0 
420 60 . 5  
420 60 0 

210 30 0 
210 30 0 
280 40 0 
350 . 50 - 8  

. 3  

-03 

679 Mill anneal 

1060 
1070 
1070 
1020 

1060 
1030 
1050 
1060 

153 
155 
155 
148 

154 
149 
152 
154 

~ 27 

7 6 -17 1.1 Yes 

18 13 -03 -17 No 
18 14 - 05 -31 No 
11 11 - 0 5  -30 Yes 
8 5 - 01 -08  Yes 

I I E 
679 DupIex 

56218 (1) 

43 1025 420 60 1120 163 1030 150 31 16 0.07 0.46 No 

'Failed during exposure. 
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FigurP 8. - Photonicrogr 
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Transverse Longitudinal 
(c) 811 Duplex. 

Transverse Longitudi nal 
(d) ELL rriplex. 

Figure E. - Continued. 
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Transverse 
(g) 6242 Mill anneal. 

Longi tudinal  

Transverse 

Ih) 6242 Duplex. 
F igure  8. - Continued. 

Longi tudinal  
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Transverse Longitudinal 

Transverse Longitudinal 
(I) 5621s (HI. 

Figure 8. -Continued. 
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Longitudinal 
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L o m i t u d i  na l  
(0) 56225 (2CL 

Longitudinal  
Ip) 56ZlS (2CL 

Transverse Longitudinal 
(q) 643 Duplex. 

Figure  8. - Continued. 
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ior tq i  t ubi nal 

iri 13-11-3 Iltiplex. 
Figure 8. - Concluded. 
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F igure 10. -Threshold curves f o r  811 mill anneali furnace 
cool, dynamic a i r  (table VI). 
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Figure 9. Threshold curves for 811 m i l l  anneallair cool 
(table VI, 
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Figure 14. I Threshold curves for 64 duplex (table X). Figure 13, - Threshold curves for 64 m i l l  anneal (table 1x1. 
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(b) Chemical ly milled, static air .  

Figure 17, -Threshold curves for 679 m i l l  anneal (table XIII). 
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Figure 18, - Threshold curves for 679 duplex (table XIV). 
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Figure 19. "Threshold curves for 56215, chemically milled, (fynamic air (table Xv). 
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Figure 20. - Threshold curves for 643 duplex, chemically 
milled, dynamic a i r  (table XVI). 
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Figure 21, -Thresho ld  curves for 13-11-3 duplex (table XVII) .  
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